Purpose: Misery perfusion is defined as marginally sufficient cerebral blood supply relative to cerebral metabolic demand. The aim of the present study was to determine the optimal brain Tc-ECD SPECT was performed using dynamic scanning with a scan duration of 10 minutes each for 50 minutes after tracer administration. A region of interest was placed in the bilateral MCA territories and in the bilateral cerebellar hemispheres in all standardized images using a 3-dimensional stereotaxic region-of-interest template and affected-to-contralateral asymmetry ratio in the MCA territory (AR MCA ) and contralateral-to-affected asymmetry ratio in the cerebellar hemisphere (AR cbl ) were calculated. Results: The AR MCA or AR cbl on 99m Tc-ECD SPECT with a scan time of 20 to 30 minutes after tracer administration (AR or AR cbl20-30 ) was correlated with AR MCA on PET cerebral blood flow (r = 0.654) or AR MCA on PET cerebral metabolic rate of oxygen (r = 0.576), respectively, more strongly than with other scan times. The area under the receiver operating characteristic curve for detecting abnormally elevated AR MCA on PET oxygen extraction fraction was significantly greater for AR cbl20-30 / AR MCA20-30 (0.947) than for AR Tc-ECD SPECT in a scan time of 20 to 30 minutes after tracer administration optimally detects misery perfusion in unilateral internal carotid artery or MCA occlusive disease.
Purpose: Misery perfusion is defined as marginally sufficient cerebral blood supply relative to cerebral metabolic demand. The aim of the present study was to determine the optimal brain 99m Tc-ethyl cysteinate dimer (ECD) SPECT imaging and analysis to detect misery perfusion on 15 O PET imaging in patients with chronic occlusive disease of unilateral internal carotid or middle cerebral artery (MCA). Methods: For 97 patients, cerebral blood flow, cerebral metabolic rate of oxygen, and oxygen extraction fraction were measured using 15 O PET; 99m Tc-ECD SPECT was performed using dynamic scanning with a scan duration of 10 minutes each for 50 minutes after tracer administration. A region of interest was placed in the bilateral MCA territories and in the bilateral cerebellar hemispheres in all standardized images using a 3-dimensional stereotaxic region-of-interest template and affected-to-contralateral asymmetry ratio in the MCA territory (AR MCA ) and contralateral-to-affected asymmetry ratio in the cerebellar hemisphere (AR cbl ) were calculated. Results: The AR MCA or AR cbl on 99m Tc-ECD SPECT with a scan time of 20 to 30 minutes after tracer administration (AR or AR cbl20-30 ) was correlated with AR MCA on PET cerebral blood flow (r = 0.654) or AR MCA on PET cerebral metabolic rate of oxygen (r = 0.576), respectively, more strongly than with other scan times. The area under the receiver operating characteristic curve for detecting abnormally elevated AR MCA on PET oxygen extraction fraction was significantly greater for AR cbl20-30 / AR MCA20-30 (0.947) than for AR M isery perfusion is defined as marginally sufficient cerebral blood supply relative to cerebral metabolic demand. 1 This condition occurs in patients with occlusive diseases of the major cerebral arteries (internal carotid artery [ICA] or middle cerebral artery [MCA] ). An increased oxygen extraction fraction (OEF) 1 as measured with PET indicates misery perfusion. A recent study demonstrated that increased OEF is still a predictor of a future stroke despite recent improvements in medical treatment for secondary prevention of stroke in patients with symptomatic chronic ICA or MCA occlusive diseases. 2 In addition, preoperative increased OEF reportedly predicts development of adverse events including cerebral ischemia or cerebral hyperperfusion syndrome during or after carotid endarterectomy or carotid stenting for cervical ICA stenosis. 3, 4 A cerebral hemisphere with misery perfusion due to ipsilateral ICA or MCA occlusive disease essentially exhibits a reduction in cerebral blood flow (CBF) 5 that can be detected using brain perfusion SPECT. However, misery perfusion cannot be strictly detected using brain perfusion SPECT because measurement of cerebral metabolic rate of oxygen (CMRO 2 ) is necessary for calculation of OEF. Reduced blood flow in the cerebellar hemisphere contralateral to a supratentorial lesion is defined as crossed cerebellar hypoperfusion (CCH) 6 and can be observed with brain perfusion SPECT. [6] [7] [8] [9] Crossed cerebellar hypoperfusion occurs because of transneural metabolic depression and functional deafferentation of 1 cerebellar hemisphere due to a decrease in activity in the opposite cerebral hemisphere via the cerebropontocerebellar pathway. 8, 9 In unilateral ICA occlusive disease, asymmetric blood flow in the contralateral-to-affected side of the cerebellar hemisphere indicates the cerebral metabolic rate of oxygen (CMRO 2 ) of the affected cerebral hemisphere compared with the CMRO 2 of the opposite cerebral hemisphere. 10 Oxygen extraction fraction is a function of CMRO 2 /CBF. Therefore, the ratio of blood flow asymmetry on the contralateral-to-affected side in the cerebellar hemisphere to blood flow asymmetry on the affected-to-contralateral side in the cerebral hemisphere may indicate asymmetry in the affected-tocontralateral side OEF in the cerebral hemisphere. If so, misery perfusion could be observed with brain perfusion SPECT. Tc-ECD SPECT images showed less affected-to-contralateral side asymmetry in the cerebral hemispheres than CBF PET images. 12, 13 Shimosegawa et al 12 have also shown that such affected-tocontralateral side asymmetry on 99m Tc-ECD SPECT images at 1 minute after tracer administration is mostly correlated with asymmetry on CBF PET images; 15 minutes later, the coefficient for the correlation decreases considerably. However, sample sizes of these studies were small (10-20 subjects), and SPECT imaging with such a short scanning duration (1 minute) is not clinically practical. Furthermore, whether the presence or absence of misery perfusion can be inferred on 99m Tc-ECD SPECT images in patients with unilateral ICA or MCA occlusive disease remains uninvestigated.
The aim of the present study was to determine optimal brain 99m Tc-ECD SPECT imaging and analysis parameters to detect misery perfusion on 15 O PET imaging in patients with chronic occlusive disease of the unilateral ICA or MCA. We used a large sample size and performed 3 studies: (1) comparison of affectedto-contralateral side asymmetry in the cerebral hemispheres on CBF PET and asymmetry on Tc-ECD SPECT for every scan time after tracer administration, (2) comparison of affected-to-contralateral side asymmetry in the cerebral hemispheres on CMRO 2 PET and contralateral-to-affected side asymmetry in the cerebellar hemispheres on 99m Tc-ECD SPECT for every scan time after tracer administration, and (3) comparison of affected-to-contralateral side asymmetry in the cerebral hemispheres measured by OEF PET and asymmetry on 99m Tc-ECD SPECT or the ratio of contralateral-to-affected side asymmetry in the cerebellar hemispheres to affected-to-contralateral side asymmetry in the cerebral hemispheres on 99m Tc-ECD SPECT using the optimal scan time after tracer administration.
METHODS

Patients
Patients who met the following inclusion criteria were prospectively enrolled into the present study: presence of clinical symptoms suggesting ischemic episodes in the MCA or ICA territory within 3 months before visiting our institute; absence of clinical symptoms suggesting ischemic episodes in the vertebrobasilar territory; useful residual function (modified Rankin disability scale 0, 1, or 2); presence of unilateral MCA or ICA stenosis (>70% for the ICA, >50% for the MCA) or occlusion on cerebral angiography using arterial catheterization, computed tomography, or MRI; absence of occlusion or stenosis of greater than 50% in the contralateral ICA, contralateral MCA, basilar artery, and vertebral arteries; no infarct or only subcortical abnormalities (excluding infarcts involving the posterior limb of the internal capsule) in the MCA territory of the affected cerebral hemisphere on T1-, T2-, and diffusion-weighted MRI; absence of gross morphological alterations including ischemic lesions or atrophy in the cerebellum and brain stem on T1-, T2-, and diffusion-weighted MRI; and provision of written informed consent.
This protocol was reviewed and approved by our institutional ethics committee, and written informed consent was obtained from all patients or their next of kin.
Brain 99m
Tc-ECD SPECT Study
One to 3 months after the last ischemic episode, Tc-ECD SPECT studies were performed using a ring-type SPECT scanner (Headtome-SET080; Shimadzu Corp, Kyoto, Japan), which provides 31 tomographic images simultaneously. The spatial resolution of the scanner with a low-energy, all-purpose collimator was 13-mm full width at half maximum (FWHM) at the center of the field of view, and the slice thickness was 25-mm FWHM at the field-ofview center. Image slices were taken at 10-mm center-to-center spacing parallel to the orbitomeatal line. The images were reconstructed using the weighted-filtered backprojection technique, in which attenuation correction was made by detecting the edge of the object. An attenuation coefficient of 0.075 cm
, a Butterworth filter (cutoff = 0.28 cycle/cm, order = 4), and a ramp filter were used for image reconstruction.
Each patient was given an intravenous bolus injection of 740 MBq 99m Tc-ECD as a commercially supplied kit. Dynamic scanning with the previously mentioned collimator was started simultaneously and continued for a total of 50 minutes (50 scans) with a scanning duration of 1 minute. Next, the 50 dynamic scans obtained in each patient were combined with a scanning duration of 10 minutes as follows: 0 to 10 minutes, 10 to 20 minutes, 20 to 30 minutes, 30 to 40 minutes, and 40 to 50 minutes after tracer administration.
Brain
O Gas PET Study
PET studies were performed 2 to 6 days before SPECT studies using a SET-3000GCT/M scanner (PET/CT; Shimadzu Corp). 14 This modality uses gadolinium silica oxide detectors and provides 59 slices with 2.6-mm slice thickness. The axial field of view was 156 mm, and the spatial resolution was 3.5-mm FWHM at 1 cm in-plane and 4.2-mm FWHM at the center axially. The scanner was operated in a static scan mode with dual-energy window acquisition for scatter correction. The coincidence time window was set to 10 nanoseconds. A shield module consisting of 7-mm-thick lead plates was attached to the gantry bed and was used to cover the breast and shoulder of the subject to reduce the counting rate of random coincidence and scatter coincidence attributable to radioactivity outside the field of view.
Before the emission scan, a transmission scan (3 minutes) with a 137 Cs point source was performed with a bismuth germanate transmission detector ring coaxially attached to the gadolinium silica oxide emission detector ring. Cerebral blood flow was determined while the subject continuously inhaled C 15 O 2 through a mask. Measurements of CMRO 2 and OEF were obtained during continuous inhalation of 15 O 2 . Data were collected for 5 minutes. Cerebral blood flow, CMRO 2 , and OEF were calculated using the steadystate method. 15 According to Lammertsma and Jones, 16 these last 2 values are overestimated compared with values measured using arteriovenous difference techniques. This overestimation is theoretically due to the signal from nonextracted intravascular 15 O. 16 To correct for this intravascular component, patients took a single breath of C 15 O to measure cerebral blood volume, and CMRO 2 and OEF were corrected according to cerebral blood volume. 16 
Data Analysis
All SPECT and PET images were transformed into the standard brain size and shape by linear and nonlinear transformation using SPM2 for anatomic standardization. 17 Thus, brain images from all subjects had the same anatomic format. Three hundred eighteen constant regions of interest (ROIs) were automatically placed in both the cerebral and cerebellar hemispheres using a 3-dimensional stereotaxic ROI template. 18 The ROIs were grouped into 10 segments (callosomarginal, pericallosal, precentral, central, parietal, angular, temporal, posterior, hippocampus, and cerebellar) in each hemisphere according to the arterial supply. Five (precentral, central, parietal, angular, and temporal) of these 10 segments were combined and defined as an ROI perfused by the MCA (Fig. 1) . The mean value of radioactive counts on 99m Tc-ECD SPECT images for each 10-minute scan time after tracer administration was measured in the bilateral MCA and cerebellar hemispheric ROIs; the mean values of CBF, CMRO 2 , and OEF on PET images were measured in the bilateral MCA ROIs. Then, for each patient, the asymmetry ratio in the MCA ROI (AR MCA ) was calculated as follows: the value in the cerebral hemisphere ipsilateral to the side of the stenosed or occluded artery divided by the value in the contralateral cerebral hemisphere. The asymmetry ratio in the cerebellar hemispheric ROI (AR cbl ) was calculated as follows: the value in the cerebellar hemisphere contralateral to the side of the stenosed or occluded artery divided by the value in the ipsilateral cerebellar hemisphere.
Using the same method, 10 healthy subjects were studied to obtain control values: the mean and SD of AR MCA on OEF PET were 1.001 and 0.044, respectively. 11 An abnormally elevated AR MCA on OEF PET was defined as a value greater than the mean ± 2 SDs (1.089) obtained in these healthy subjects.
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Statistical Analysis
Data are expressed as the mean ± SD. Correlations between various parameters were determined using linear regression analysis and by computing regression equations and correlation coefficients, and the function of better fit was determined. When 95% confidence intervals (CIs) of correlation coefficients did not overlap each other, these correlation coefficients were defined as statistically different. Tc-ECD SPECTwere performed as proposed by Pepe and Longton. 19 Statistical significance was set at the P < 0.05 level. Exact 95% CI of sensitivity, specificity, and positive and negative predictive values were computed using the binomial distributions. When the 95% CIs of the sensitivity, specificity, or positive or negative predictive value for detection of an abnormally elevated AR MCA on OEF PET did not overlap between AR MCA and AR cbl /AR MCA on 99m Tc-ECD SPECT, each value was defined as statistically different.
RESULTS
A total of 97 patients met the inclusion criteria and were enrolled in the present study. The mean age of the 97 patients (31 women and 66 men) was 62 ± 10 years (range, 41-76 years). Forty and 57 patients had experienced only transient ischemic attacks and minor complete strokes with or without transient ischemic attacks, respectively. Fifty, 10, and 37 patients underwent cerebral angiography using arterial catheterization, computed tomography alone, and MRI alone, respectively. These angiography studies demonstrated ICA stenosis in 25 patients, ICA occlusion in 43 patients, MCA stenosis in 15 patients, and MCA occlusion in 14 patients. Tc-ECD SPECT with a scan time of 20 to 30 minutes after tracer administration (AR MCA20-30 ) was greater than that for other scan times, but a significant difference among each correlation coefficient was not observed. In most patients, AR MCA20-30 on 99m Tc-ECD SPECT was greater than AR MCA on CBF PET (Fig. 2, left Tc-ECD SPECT was also greater than AR MCA on CMRO 2 PET (Fig. 2, right graph) .
The mean ± SD of AR MCA on OEF PET in patients was 1.034 ± 0.083 (range, 0.924-1.475). Figure 3 and Table 2 show the sensitivity, specificity, and positive and negative predictive values for AR and AR cbl20-30 / AR MCA20-30 on 99m Tc-ECD SPECT at the cutoff point (0.952 for AR MCA20-30 ; 1.062 for AR cbl20-30 /AR ) that was closest to the left upper corner of the ROC curve for detecting abnormally elevated AR MCA on OEF PET. The sensitivity and negative predictive value were 100% for both AR MCA20-30 and AR cbl20-30 / AR . Although the positive predictive value was not significantly different between AR MCA20-30 and AR cbl20-30 /AR MCA20-30 , the specificity was significantly greater for the latter than for the former.
When the abnormally reduced AR MCA20-30 on 99m
Tc-ECD SPECT was defined as a value lower than the cutoff point, 0.952, obtained in the ROC analysis, 47 of 97 patients studied were defined as having abnormally reduced AR MCA20-30 on 99m Tc-ECD SPECT. For these 47 patients, the sensitivity, specificity, and positive and negative predictive values for AR cbl20-30 /AR MCA20-30 at the cutoff point that was closest to the left upper corner of the ROC curve for detecting abnormally elevated AR MCA on OEF PET are shown in Table 2 . The positive predictive value was significantly greater for AR cbl20-30 /AR MCA20-30 for patients with abnormally reduced AR MCA20-30 than for AR MCA20-30 alone.
Representative 15 O gas PET and 99m Tc-ECD SPECT images in a patient with unilateral ICA occlusion and abnormally elevated AR MCA on OEF PET are shown in Figure 5 .
DISCUSSION
The present study demonstrated that a combination of asymmetries in the cerebellar and cerebral hemispheres on 99m Tc-ECD SPECT with a scan time of 20 to 30 minutes after tracer administration optimally detects misery perfusion in unilateral ICA or MCA occlusive disease.
To display CBF images using 99m
Tc-ECD SPECT in clinical settings, data acquisition is commonly started 5 to 60 minutes after tracer administration with a scanning duration of 10 to 20 minutes. 13, [20] [21] [22] [23] [24] [25] [26] Our data showed that the optimal scan time to display affected-to-contralateral side asymmetry of CBF in the cerebral hemispheres on 99m Tc-ECD SPECTwas 20 to 30 minutes after tracer administration. However, the affected-to-contralateral side asymmetry even with this scan time was underestimated in comparison with that on CBF PET in most patients, corresponding to previous findings that 99m
Tc-ECD accumulation has a nonlinear relationship with the true CBF. 13, [20] [21] [22] [23] [24] [25] [26] Limited extraction is likely important in this nonlinear relationship, 13 which is present because of the fairly small permeability-surface area product. 21,27 99m Tc-ECD demonstrates not only rapid blood clearance, but also fast conversion of the original lipophilic compound to hydrophilic breakdown products in the blood and brain. 28 For this reason, arterial input to the brain is small during the short amount of time after intravenous administration of the tracer. Limited extraction decreases radioactivity in regions with high blood flow. 13 A previous study demonstrated that although contralateralto-affected side asymmetry in the cerebellar hemispheres on CBF PET is correlated with affected-to-contralateral side asymmetry in the cerebral hemispheres on CMRO 2 PET, the correlation coefficient is considerably higher when reanalyzed only in patients undergoing a PET study within 3 months after the last ischemic episode. 11 Crossed cerebellar hypoperfusion is often not observed in patients with decreased CMRO 2 in the cerebral hemisphere on the same side as occlusion of a major cerebral artery. 29 Crossed Tc-ECD SPECT for detecting abnormally elevated AR MCA on OEF PET in patients. The area under the ROC curve is significantly greater for AR cbl20-30 /AR MCA20-30 than for AR (difference between areas, 0.167; P = 0.0001). Clinical Nuclear Medicine • Volume 42, Number 7, July 2017 ECD SPECT and Misery Perfusion cerebellar hypoperfusion often resolves 2 to 3 months after hypertensive putaminal hemorrhage. 30 Thus, although CCH basically shows CMRO 2 asymmetry in the cerebral hemisphere, this phenomenon may disappear over the course of several months after a supratentorial cerebrovascular event, even though CMRO 2 asymmetry persists. 11 Thus, our study included only patients undergoing PET and SPECT studies within 3 months after the last ischemic episode. As a result, contralateral-to-affected side asymmetry in the cerebellar hemispheres on 99m Tc-ECD SPECT was correlated with affected-to-contralateral side asymmetry in the cerebral hemispheres on CMRO 2 PET. This relationship corresponded with results comparing CBF and CMRO 2 on PET. 10, 11 Our data also showed that the optimal scan time to infer affected-to-contralateral side asymmetry of CMRO 2 in the cerebral hemispheres using 99m Tc-ECD SPECT was 20 to 30 minutes after tracer administration. This scan time was conveniently identical to the optimal scan time required to display affected-to-contralateral side asymmetry of CBF in the cerebral hemispheres on 99m Tc-ECD SPECT.
In the present study, abnormal elevation of OEF in the affected hemisphere relative to OEF in the contralateral hemisphere was defined as misery perfusion in the affected hemisphere, and abnormally elevated AR MCA on OEF PET was defined as a value greater than the mean ± 2 SDs (1.089) of the normal values. Patients showing AR MCA greater than 1.082 on OEF PET due to unilateral ICA steno-occlusive disease were considered to have misery perfusion and are at high risk of stroke. 31 In our study, the cutoff point for AR MCA on OEF PETwas similar to that of Grubb et al. 31 Our study demonstrated that affected-to-contralateral side asymmetry in the cerebral hemispheres on 99m Tc-ECD SPECT was correlated with asymmetry on OEF PET and detected misery perfusion with sensitivity and a negative predictive value of 100% at the cutoff point of 0.952. These findings corresponded to the principle that a cerebral hemisphere with misery perfusion due to unilateral ICA or MCA occlusive disease has reduced CBF in the affected hemisphere. 5 Furthermore, the ratio of contralateral-to-affected side asymmetry in the cerebellar hemispheres to affected-to-contralateral side asymmetry in the cerebral hemispheres on 99m Tc-ECD SPECT detected misery perfusion with high accuracy, with an area under the ROC curve of greater than 0.9. This accuracy was significantly higher for the ratio than for affected-to-contralateral side asymmetry in the cerebral hemispheres on 99m Tc-ECD SPECT. These findings demonstrated that the combination of asymmetries in the cerebellar and cerebral hemispheres on 99m Tc-ECD SPECT optimally detects misery perfusion.
Our study also showed that the additional calculation of cerebellar asymmetry for patients with strong cerebral asymmetry (AR MCA <0.952) on 99m Tc-ECD SPECT significantly increased the positive predictive value for the detection of misery perfusion. Based on our data, we suggest the following clinical algorithm for optimal detection of misery perfusion using 99m Tc-ECD SPECT: A patient with unilateral ICA or MCA occlusive disease undergoes 99m Tc-ECD SPECTwith a scan time of 20 to 30 minutes after tracer administration. If strong cerebral asymmetry is observed, cerebellar asymmetry is calculated next. A patient with a high ratio of cerebellar asymmetry to cerebral asymmetry (AR cbl /AR MCA >1.062) is finally determined to probably have misery perfusion in the affected hemisphere.
Our study has several limitations. First, patients with subcortical infarctions have not only primary ischemic cortical damage but also cerebral cortical hypometabolism because of transneuronal mechanisms and cerebrocerebellar tract damage, which lead to CCH. 10 Deep infarcts injuring the internal capsule especially induce severe CCH. 9 In patients with unilateral ICA or MCA stenoocclusive disorder in whom the infarction is restricted to the O gas PET images including CBF (A), CMRO 2 (B), and OEF (C). Although CBF is lower in the right cerebral hemisphere than in the left cerebral hemisphere, the degree of asymmetry in CMRO 2 is less, resulting in considerably greater OEF in the right cerebral hemisphere than in the left cerebral hemisphere. D1 to D5, 99m Tc-ECD SPECT images at 0 to 10 minutes, 10 to 20 minutes, 20 to 30 minutes, 30 to 40 minutes, and 40 to 50 minutes (D1-D5) after tracer administration. Tracer uptake is lower in the right cerebral hemisphere than in the left cerebral hemisphere and in the left cerebellar hemisphere than in the right cerebellar hemisphere at all scan times after tracer administration. The degree of the asymmetry appears to be greater on images with a scan time of 10 to 20 minutes and 20 to 30 minutes after tracer administration than with other scan times.
posterior limb of the internal capsule, CCH without hypometabolism in the ipsilateral cerebral cortex still occurs. 10, 32 We excluded patients with subcortical infarctions that affect the posterior limb of the internal capsule, and our results are not applicable to such patients. Second, as mentioned previously, our study included only patients undergoing PET and SPECT studies within 3 months after the last ischemic episode. Whether a combination of asymmetries in the cerebellar and cerebral hemispheres on 99m Tc-ECD SPECT detects misery perfusion in patients in whom more than 3 months has elapsed after the last ischemic episode remains unknown.
CONCLUSIONS
The present study demonstrated that the combination of asymmetries in the cerebellar and cerebral hemispheres on Tc-ECD SPECT with a scan time of 20 to 30 minutes after tracer administration optimally detects misery perfusion in unilateral major cerebral artery occlusive disease.
